This work investigated the potential of calcined electrocoagulation sludge (CES) within metals hydroxide generated during removal of boron using Al electrode for adsorption of fluoride from aqueous solution. The effects of contact time, pH of the solution (2-10), stirrer speed (50-450 rpm), initial concentration (5-100 mg l ), solution temperature (293-333 K) and particle size (0.125-1000 µm) on fluoride removal were investigated. All the experiments were carried out by batch mode. It was found that the maximum adsorption takes place within 2 h at pH 6.0. The adsorption removal increased with increase in the adsorbent dose, but decreased with increase in fluoride concentration. It was found that the adsorption removal decreases with increase in temperature, which showed that the adsorption process was exothermic in nature. The decrease in particle size increased fluoride removal efficiency. The maximum adsorption capacity (qm) increased from 45.5 to 124.6 mg g -1 when the adsorbent dosage was adjusted to 1 instead of 4 g l -1
Introduction
Fluoride is an essential element for both humans and animals depending on its concentration in drinking water. According to the World Health Organization guidelines, the maximum concentration limitation of fluoride is 1.5 mg l -1 for drinking water ((WHO), 1993) . Fluoride is beneficial to human when present within permissible limits of 0.5-1.5 mg l -1 for the calcinations of dental enamel and bone formation. Concentrations higher than this not only affects teeth and skeleton but also cause several neurological damages in severe cases (Kagne et al., 2008) . Thus, water and wastewater containing high fluoride concentration (> 1.5 mg l -1 ) must be treated before used or discharged. Various treatment procedures have been reported for the removal of excess fluoride from water e.g. adsorption (Tor et al., 2009) , precipitation-micro filtration (Lu and Liu, 2010) , ion-exchange (Solangi et al., 2009) , electrocoagulation (Behbahani et al., 2011 , Khatibikamal et al., 2010 , reverse osmosis (Sehn, 2008) and electrodialysis (Banasiak and Schäfer, 2009) . Among the methods, adsorption technique is economical, efficient and produces high-quality water. The efficiency of this technique mainly depends on nature of the adsorbents ).
In present work, calcined electrocoagulation sludge was used to remove fluoride from synthetic aqueous NaF solutions and deionized water. The effect of various factors such as solution pH, the adsorbent dosage, initial fluoride concentration, stirring speed, particle size and temperature on the removal of fluoride have been investigated. The main objective of this study was to investigate the fluoride removal potential of calcined electrocoagulation sludge by batch adsorption studies.
Materials and methods

Materials
All reagents used in the present study were of analytical grade purchased from Merck. A stock solution of fluoride was prepared by dissolving known weight of sodium fluoride in distilled water and desired working fluoride solution was prepared from stock solution by appropriate dilution.
Adsorbent preparation
The sludge used for the adsorption tests was obtained from electrocoagulation experiments with aluminum electrodes. The electrolyte was a geothermal water containing boron. The residue sludge from electrocoagulation was filtered and then dried at 105
• C for approximately 2 hours. The dried sludge was grinded to powder in a grinder. The dried sludge was calcined at 773 K for 4 h for preparation of the adsorbent used for all experimental results reported in this work. Experiments had shown that leached concentration of boron in solution remain under maximum limit of 1 mg l -1 with dried sludge, framed by the W.H.O.
Batch adsorption experiments
Batch adsorption experiments were carried out for an adsorption period of 120 min in a 250 mL erlenmeyer flask, filled with 100 ml of water containing desired fluoride concentrations. Flasks in which different amounts of the adsorbent were added were allowed to shake for 120 minute in a shaker. The effect of adsorbent dosage on removal was studied with adsorbent dosage varying from 0.1 to 0.4 g/100 ml while maintaining the fluoride concentrations at 5 and 100 mg l -1 . The effect of fluoride concentration on removal was studied at an initial pH of 2.0-10.0 intervals. Effect of pH on the fluoride removal was studied using 0.2 g of adsorbent dosage for the fluoride concentrations of 5 and 100 mg l -1
. Control experiments were carried out duplicate to verify the fluoride adsorption on adsorbent surfaces. The amounts of fluoride adsorbed were calculated from the concentrations in solutions before and after adsorption. The amount of fluoride adsorbed (mg g -1 ), (qe), onto calcined sludge was calculated from the mass balance equation as follows:
where C0 and Ce are the initial and equilibrium liquid phase concentrations of fluoride solution (mg l -1 ), respectively; V the volume of fluoride solution (L), and W the mass of calcined electrocoagulation sludge sample used (g).
Methods of analysis
Following agitation, the adsorbent and adsorbate were separated through filtration and fluoride content of the filtrate solution was spectrophotometrically determined. A high precision, double beam spectrophotometer (Shimadzu UV-160A) was used to measure the absorbance of fluoride solution at wavelengths between 200 and 800 nm and 570 nm was chosen as the suitable wavelength in this study to measure the fluoride concentration in water (Brownley and Howle, 1960) . The equivalent amount of adsorbed fluoride was calculated from the difference in their initial and final concentrations (Greenberg et al., 1992) . The pH and temperature were measured by a multimeter (WTW, Multiline).
Results and discussion
Effect of solution pH
The initial pH of solution is one of the important parameters that could obviously affect the extent of fluoride adsorption. Therefore, the adsorption of fluoride on the calcined electrocoagulation sludge was examined at different pH values ranging from 2.0 to 10.0. The effect of pH on the adsorption of fluoride by using calcined electrocoagulation sludge is shown in Figure 1 . The results showed that adsorption was the highest at the pH 6. The adsorption of fluoride increases with increased pH, reaches a maximum of 71.2% at pH 6.0, and then decreases with further increase in pH ( Figure 1A ). Figure 1B shows changes in the adsorption capacity of fluoride with time for various pH values (2.0, 4.0, 6.0, 8.0 and 10.0) . The amount of fluoride adsorbed is strongly decreased in the acidic pH range, may be due to the formation of weak hydrofluoric acid or the change of adsorbent chemical structure. At pH above 6.0, fluoride removal decreases sharply because of stronger competition with hydroxide ions on adsorbent surface. The adsorption mechanism is an interaction between the metal oxides at the surface of the calcined electrocoagulation sludge and fluoride ions which can be explained by the following steps. The specific adsorption of fluoride on adsorbent surface (S) follows the schemas (Tor, 2006) :
The obtained result for maximum adsorption is in agreement with fluoride removal studies in literature (Tor, 2006 , Mohapatra et al., 2004 . , solution pH: 6.0, stirring speed: 300 rpm).
Effect of adsorbent dosage
The effect of adsorbent dosage on the removal of fluoride from aqueous solution was studied at pH 6.0 and fluoride concentration of 25 mg l -1 for 2 h and the obtained results were shown in Figure 2 . It can be seen that the removal efficiency increased with increasing dosage of adsorbent. The highest removal efficiency was obtained at 0.4 g calcined electrocoagulation sludge (99.5%) (see Figure 2A ). In Figure 2B , it can be seen that the adsorption capacity of fluoride increases with increasing dosage of adsorbent.
The adsorption capacity of fluoride is the highest when the dosage of adsorbent is 0.4 g/100 mL. The influence of dosage of adsorbent is mainly related to its surface area. It is explained that the more the addition of adsorbent in the solution, the more the availability of active sites for the fluoride binding. A distribution coefficient, Kd, reflects the binding ability of the surface for an element and is dependent on pH of the solution and type of surface of the adsorbent. The distribution coefficient values for fluorideadsorbed on calcined electrocoagulation sludge at pH 6.0 was calculated using the following equation (Tripathy et al., 2006) :
where Cs is the concentration of fluoride on the solid particles (mg kg ). Figure 2C shows that the Kd value increases with an increase in adsorbent dose at constant pH that implies the heterogeneous surface of calcined electrocoagulation A NEW ADSORBENT FOR FLUORIDE REMOVAL 5 sludge. Because the surface is not homogeneous, the Kd values at constant pH changed with adsorbent dose (Tripathy et al., 2006) . , solution pH: 6.0, stirring speed:300 rpm)
Effect of initial fluoride concentration
The effect of initial fluoride concentration on the removal efficiency was studied at different initial fluoride concentrations by keeping all other parameters constant such as adsorbent dose; 0.4 g/100 mL, solution pH 6.0, stirring speed; 300 rpm and contact time; 2 h. The effect of initial fluoride concentration on the removal efficiency is shown in Figure 3 . The highest removal efficiency was obtained at 10 mg l -1 initial concentration (99.5%) (see Figure 3A) . It is clear from Figure 3B that the uptake of fluoride ions increases rapidly with time and reaches to saturation in 30 min. It was realized that increase in initial concentration decreased the removal efficiency. It may be because at higher adsorbate concentration, the binding capacity of the adsorbent approaches saturation, resulting in a decrease in overall percent removal. This could be due to the occupation of available surface area by fluoride ion. The results obtained are also consistent with the literature (Swain et al., 2011) . Besides, the results revealed that the amount of fluoride ions adsorbed per unit mass of the adsorbent is increased with an increase in concentration. This is due to the availability of higher number of fluoride ions per unit mass of adsorbent (Karthikeyan et al., 2009) .
Effect of particle size
In order to evaluate the effect of particle size on the removal efficiency, the adsorption experiments were conducted in grain size range of 125-1000 µm, calcined electrocoagulation sludge of 0.2 g/100 mL and initial fluoride concentration of 25 mg l -1 at initial pH 6.0. The results were given at Figure 4 .
As seen Figure 4A , the increase in grain size decreased removal efficiency. In Figure 4B , it can be seen that the adsorption capacity of fluoride decreases with increasing particle size. It may be because at higher grain size, the binding capacity of the adsorbent approaches minimum level, resulting in a decrease in overall removal efficiency. As grain size increases, particle active surface area is reduced. As a result of reduction in particle active surface area, binding capacity of the adsorbent capacity is reduced. Depending on this result, the increasing grain size leads to decrease in removal efficiency. 
Effect of stirring speed
Stirring speed has important effects on the removal efficiency at the adsorption process. The influence of stirring speed on the fluoride removal efficiency was investigated by using four stirring speed. Adsorption experiments were carried out at various stirring speed (50, 150, 300 and 450 rpm) by keeping all other experimental conditions constant (adsorbent dosage; 0.2 g/100 mL; initial fluoride concentration; 25 mg l -1 , solution pH;6.0, temperature; 293 K). The fluoride removal efficiency is affected in the stirring speed range of 50-450 rpm so it can be concluded that the present adsorption process is stirring speed-dependent. The results were given in Figure 5 . As seen Figure 5A , increasing the stirring speed to 300 rpm increased the removal efficiency. Higher stirring speed than 300 rpm decreased the removal efficiency. The sufficient contact between the adsorbent and adsorbate was not achieved at smaller stirring speeds than 300 rpm. Otherwise, centrifugal force affected on the adsorption process at the higher stirring speeds than 300 rpm. This forces a negative impact on the bonding between adsorbent and adsorbate. Therefore, removal efficiency decreased at the higher stirring speeds than 300 rpm. In Figure 5B , it can be seen that the adsorption capacity of fluoride increases with increasing stirring speed to 300 rpm and the decreases with increasing stirring speed.
Effect of solution temperature
In order to evaluate the effect of temperature on the removal efficiency, the adsorption experiments were conducted in temperature range of 293-353 K, calcined electrocoagulation sludge of 0.2 g/100 mL and initial fluoride concentration of 25 mg l -1 at initial pH 6.0. The fluoride removal efficiency as a function of temperature shows that adsorption decreases with a rise in the temperature. The results were shown in Figure 6 .
As investigated in Figure 6A , it was seen that increase in solution temperature decreased dramatically the removal efficiency. The same tendency was also observed at adsorption capacity as a function contact time. The decrease in adsorption capacity was demonstrated in Figure 6B . The decrease in adsorption capacity of calcined electrocoagulation sludge with temperature may be attributed to decrease in the number of available active surface sites for adsorption on the calcined electrocoagulation sludge. This situation supports the surface heterogeneity of oxide surfaces. The observation shows that the interaction between adsorbate and adsorbent is exothermic in nature. The results obtained were supported by the literature (Das et al., 2003) . 
Adsorption isotherms
Equilibrium studies were carried out to determine the optimum conditions for maximum fluoride removal by calcined electrocoagulation sludge. Two general-purpose equilibrium models were used to fit the experimental data: (i) Langmuir and (ii) Freundlich isotherms; 
where qm and Kl are the Langmuir constants related to the loading and energy of adsorption, KF and n are the Freundlich temperature-dependent constants, Ce is the equilibrium concentration (mg l -1 ), and qe is the adsorption loading at equilibrium (mg g -1 ), respectively. Adsorption isotherms were obtained in terms of Equations (6) and (7) by using experimental adsorption results in these equations. The values qm, Kl, KF, Rl and n are summarized in Table 1 . , respectively. Maximum adsorption capacities of used adsorbent decreased with the increasing in temperature.
The essential feature of the Langmuir isotherm can be expressed by means of dimensionless constant separation factor or equilibrium parameter, Rl, which is calculated using the following equation (Doğan and Alkan, 2003) :
Rl values lie between 0 and 1 indicating the on-going adsorption process is favorable for the dye using different adsorbents. According to the value of Rl the isotherm shape may be interpreted as follows:
Value of Rl Type of adsorption
The results given in Table 1 show that the adsorption of fluoride on calcined the sludge from electrocoagulation is favorable. The qm value obtained in this study is greater than those of reported and the results were compared in Table 2 ( Viswanathan et al., 2009 , Meenakshi et al., 2008 , Ramdani et al., 2010 , Meenakshi and Viswanathan, 2007 , Chen et al., 2011 , Islam et al., 2011 , Sairam Sundaram et al., 2009 , Ma et al., 2007 , Chang et al., 2006 .
Adsorption Kinetics
The adsorption kinetics of fluoride on the calcinated electrocoagulation sludge was defined by using three different kinetic models, which are pseudo-first order, pseudo-second order and intraparticle diffusion A NEW ADSORBENT FOR FLUORIDE REMOVAL 9 models. The pseudo-first-order rate constant (k1) and theoretical equilibrium adsorption capacities (Qe) calculated from linear plot of ln (Qe-Qt) versus t, are shown in Table 3 . Although the values of correlation coefficient is very good, Qe,cal determined from the model is not in a good agreement with the experimental values of Qe,exp. Therefore it could be said that the fluoride adsorption on the calcinated electrocoagulation sludge does not follow the pseudo-first-order kinetic model. The graph of t/Qt versus t for the linear pseudo-second-order model was plotted, and the second order rate constant k2 and maximum adsorption capacity Qe were calculated from the intercept and slope of this graph, respectively (Table 3 ). The correlation coefficient value is satisfactory (1.00), and the equilibrium adsorption capacity Qe,cal (91.043 mg g -1 ) determined by using the second order model is almost as same as with the experimentally defined equilibrium adsorption capacity Qe, ). The intraparticle rate constant (kid) and c parameters obtained from the plots of Qt versus t 1/2 for the intraparticle diffusion model are given in Table 3 . The value of c obtained from intraparticle diffusion model is not zero and the correlation coefficient is not satisfactory (0.9461), indicating that the intraparticle diffusion may not be the controlling factor in determining the kinetics of the process. Consequently, the kinetic data indicates that the fluoride adsorption on calcinated electrocoagulation sludge obeys the pseudo second order kinetic model (R 2 = 0.9999) more than intraparticle diffusion model and pseudo-first order kinetic model 10 YILMAZ et al.
(R 2 = 0.9845), which suggests a chemisorption process in this experiment. Pseudo-second order model is favorable for the adsorption of fluoride on the calcined electrocoagulation sludge.
Leaching of boron from adsorbent
Suitability of the sludge as an adsorbent for removal of pollutant not only depends on the adsorption capacity but also on the leached boron concentration to solution during adsorption (Yilmaz et al., 2011) . Table 4 shows the concentration of boron at different experimental conditions. As seen Table 4 , boron concentration leached to solution was increased with increasing adsorbent dosage. Leached boron concentration increases with increasing acidity and alkalinity. However, the effect temperature on leaching level of boron was at a negligible level. The leached boron concentration doesn't exceed the critical concentration limit (1.0 mg l -1 ). Therefore, the sludge can be used as an effective adsorbent for removal of fluoride from aqueous solutions close to pH 6.0 and low adsorbent dosage. 
Conclusions
A comparative study is performed to evaluate the fluoride removal by calcined electrocoagulation sludge. Based on the experimental data, the following conclusions can be drawn:
1-The results showed that adsorption was the highest at the pH 6. Equilibrium adsorption capacity (qe) (mg g -1 ) increases from 42.5 to 89 mg g -1 when the initial pH is adjusted to 2.0 instead of 6.0. Equilibrium adsorption capacity (qe) (mg g -1 ) decreases from 89 to 32.5 mg g -1 when the initial pH is adjusted to 6.0 instead of 10.0.
2-The equilibrium time for fluoride removal was determined to be 30 min.
3-The adsorption capacity of fluoride increases with increasing dosage of adsorbent. Equilibrium adsorption capacity (qe) (mg g -1 ) increased from 45.5 to 124.6 mg g -1 when adsorbent dosage was increased from 0.1 to 0.4 g/100 mL.
4-The increase in initial concentration decreased the removal efficiency.
5-The decrease in particle size increased the removal efficiency because at higher grain size, the binding capacity of the adsorbent approaches minimum level, resulting in a decrease in overall removal efficiency.
6-The highest adsorption capacity was achieved at 300 rpm. Above and below values of this stirring speed were caused to decreased adsorption removal efficiency. 7-The surface sites become less active with increase in the temperature, as a result of which the fluoride removal efficiency decreases. 8-The adsorption process was fitted well with Langmuir isotherm models.
9-Kinetic study results indicated that the adsorption process followed a pseudo-second-order kinetic model. 10-The leached boron concentration was well below the discharge limit (1 mg l -1 ) in pH intervals from 2.0 to 10.0, adsorbent dosage intervals from 0.1 to 0.4 g/100 mL and solution temperatures intervals from 293 to 333 K.
From this study, it can be concluded that calcined electrocoagulation sludge could be a promising alternative sorbent for fluoride removal. The utilization of calcined electrocoagulation sludge is a significant application because it has been produced from an electrochemical treatment process so this waste represents unused resources and also present serious disposal problems. The results obtained from the present study demonstrated that calcined electrocoagulation sludge can be used as a no cost, highly effective and easy available adsorbent for removal of fluoride from aqueous solutions.
